A series of two-component acidic ion intercalated layered double hydroxides (MgAlZn-X 1 /X 2 -LDHs) were synthesized by coprecipitation under microwave crystallization, and were further used as novel nanoflame-retardants for ethylene vinyl acetate (EVA). Various measurement methods have been employed to characterize the structure, morphology, thermal stability and combustible properties of 
Introduction
Fire hazards and ame retardant problems have drawn more and more research attention over the world. [1] [2] [3] [4] Currently, halogen ame retardants (FRs) are widely used, however, the combustion of halogens in FRs can give off a large amount of smoke, and toxic and corrosive gases, which can lead to subsequent disaster during burning. 5, 6 To overcome these issues, both academic and industrial communities have been devoted to developing halogen-free ame retardants. 7, 8 Most of the polymer products are potentially a re hazard for their inherent ammability (LOI ¼ [17] [18] [19] [20] , such as ethylene vinyl acetate (EVA) copolymer. EVA is an important thermoplastic elastomer used in many elds, including the wire and cable industries, 9 encapsulation, adhesives and the drug industry, 10 etc. Therefore, reducing the re hazards of EVA is critical, especially in some elds where high re resistance is required. The high loading of inorganic llers (60-65%) is usually required to obtain a satisfactory ame retardancy of EVA composites, especially aluminum hydroxide (ALH) 9,11 and magnesium hydroxide (MH).
12,13
Nevertheless, such high amounts have negatively impact on processing characteristics and mechanical properties.
14 Therefore, it is signicant to search for some other effective ame retardants to replace MH and ALH.
Layered double hydroxides (LDHs) have received particular attention due to their unique properties, which make it promising for applications such as catalysis, 15, 16 medicine, 17, 18 sorbents, 19, 20 , SiO 3 2À , Cl À , etc. The structure of LDHs is similar to the layered magnesium hydroxide in the brucite mineral, whereas the substitution of divalent cations by trivalent cations in the LDHs layers creates a positive charge on the surface, which is balanced by the interlayer anions.
1
Beneting from the layered crystalline geometry, 27 tunable properties, 28 ability to intercalate various interlayer anions, 29 and halogen-free, re-retarding smoke-suppressing, LDHs display great potential as ame retardants. 7, 27, 30, 31 Industrial production and application of MgAl-LDHs ame retardant have received extensive attention in recent. [32] [33] [34] To further improve the ame retardancy, and to make LDHs more compatible with polymers, the most effectively modied method is intercalating ame retardant elements into the LDHs interlayer and laminate. 35 Researches show that the anions exist in the space of the LDHs interlayers replaced by anions, which possess ame retardancy and smoke suppression properties 36 (borate anions, 37 phosphate anions, 38,39 silicate anions 9, 35 and stannate anions, 1 etc.) can improve the ame retardancy and smoke suppression of composites. Nevertheless, so far reports only focus on single-component acidic ion as intercalated anion.
39,40
When they applied alone as FRs additives, these intercalated LDHs must be together with other synergistic FRs additives to improve ame retardancy and reduce FRs loading level.
A hybrid from two components usually exhibits good synergistic effect with ame retardant and smoke suppression. X 2 -LDHs) were synthesized by coprecipitation under microwave crystallization. To the best of our knowledge, this is the rst instance that two-component acidic ions were intercalated into layered double hydroxide and were further applied as a nanoame-retardant in EVA (MgAlZn-X 1 /X 2 -LDHs/EVA nanocomposites). MgAlZn-LDHs intercalated with various acidic radical may combine the advantages of Mg(OH) 2 , Al(OH) 3 and metallic compounds (zinc borate, zinc phosphate, zinc silicate, zinc stannate). During combustion, MgAlZn-X 1 /X 2 -LDHs lose interlayer water, producing water vapor and reducing the temperature. Different intercalated anions decompose into their corresponding compounds, carbonate ions decomposes into carbon dioxide dilute the concentration of O 2 in the gas phase, other intercalated anions were hydroxylated into mixed metal oxide act as "char reinforcers" or "char expanders" in the condensed phase. 42 The char residue (metal oxide) formed during combustion that inhibits volatilization of ammable gas during the decomposition process of MgAlZn-LDHs/EVA nanocomposites which isolates oxygen and reduces heat transmission.
Experimental

Materials
All chemicals used in the preparation were analytical grade without further purication. Mg(NO 3 ) 2 
Preparation of FR/EVA nanocomposites
The required amounts of EVA resin and various FRs (40% in nanocomposites) were melted and blended in a HAAKE torque rheometer for 10 min with a rotor speed of 60 rpm to make the FRs dispersed evenly in the resin. Aer that, the mixture was hot pressed at 143 C under 10 MPa using a plate vulcanizer. The resulting FRs/EVA nanocomposites samples were named as FR-1/EVA, FR-2/EVA, FR-3/EVA and FR-4/EVA, respectively. Pure EVA sample was also prepared using the same method for comparison.
Characterization
The X-ray diffraction (XRD) patterns were recorded on an X'Pert Pro MPD type powder X-ray diffractometer (Holland Panalytical company) with l ¼ 1.54184Å. The data were collected with Cu Ka tube irradiation operated at 40 kV and 40 mA. The scanning rate was 5 min À1 in the range of 5-80 . According to X-ray diffraction results, crystallite size and basal spacing were . The surface morphologies of synthesized FRs, combustion-fractured cross sections and freeze-fractured cross sections of the FRs/EVA sample bars were observed using scanning electron microscope (SEM) (JSM-7500F, JEOL, Japan). Elongation at break and tensile strength were conducted at room temperature with an electronic universal testing instrument (ETM104C, Shenzhen Wan Ce Testing Equipment Co., Ltd., Shenzhen, China) according to ISO 527. All of the material types were evaluated ve times to reduce the experimental error.
Results and discussion
Characterization of MgAlZn-X 1 /X 2 -LDHs
The XRD patterns of Mg 4 Al 2 Zn 2 -CO 3
2À
-LDHs and MgAlZn-X 1 / X 2 -LDHs are shown in Fig. 1 . It is noted that all XRD patterns exhibit the typical peaks of LDHs. The peaks of these patterns were ascribed to the characteristic diffraction planes (003), (006) and (009) that reected the lamellar structures of the LDHs, and the characteristic plane (110) which reected layer structure of the LDHs, corresponding to hydrotalcite-like materials which also establish the purity of the LDHs obtained from the coprecipitation method. The diffraction peaks are narrow and sharp without other impurity peaks, indicating that these MgAlZn-X 1 /X 2 -LDHs have good crystallinity and single crystalline phase. Thus, the two-component acidic ions intercalated LDHs samples still maintain the lamellar structure of typical LDHs.
Average crystallite sizes of MgAlZn-X 1 /X 2 -LDHs samples were calculated according to the formula (1). The results are listed in Table 2 . It can be seen that the average crystallite sizes of the samples under microwave crystallization are in the range of 13.93-25.88 nm. The inter layer distance with respect to the rst basal reection (003) can be calculated by using the formula (2). The results are also listed in Table 2 . It is found that the values of the layer spacing (d 003 ) are similar. However, the diffraction peaks position near 2q ¼ 60. 6 (110) of the samples haven't been changed. The result of XRD analysis suggests that the intercalation of two-component acidic ions doesn't change the lamellar structure of the MgAlZn-X 1 /X 2 -LDHs. The LDHs nanoparticles prepared by direct precipitation method tend to agglomerating during preparation, and thus have larger particle size which can lead to poor dispersibility in EVA matrix. In order to overcome this problem, microwave crystallization was employed to prepare MgAlZn-X 1 /X 2 -LDHs instead. The obtained LDHs nanoparticles have relatively higher crystallinity and smaller average crystallite sizes distribution. It is suggested that the Lorentz force of microwave eld can act on the ions (such as Mg
and polar molecules (such as H 2 O etc.), and prevent agglomerating of the LDHs nanoparticles during preparation. FTIR spectra of FR-1, FR-2, FR-3, FR-4 are shown in Fig. 2 . It can be seen that the absorption bands appear in the range of 3450-3550 cm À1 and around 1577 cm À1 were attributed to n OH symmetric stretching vibration due to the presence of hydroxyl group of hydroxides, physically adsorbed water molecule and n H-O-H bending vibrations, respectively. 43 It is coincident with the fact that considerable amounts of H 2 O molecules were absorbed on the surface of the samples or have been Fig. 3 shows all synthesized LDHs exhibit the crystallites with relatively uniform and thin lamellar particle that looked like rounded hexagonal shapes, which is typical of hydrotalcite-like materials. 44, 48 As commonly observed for the typical inorganic anionic intercalated MgAlZn-LDH compounds and consistent with the results of the XRD analysis. 35, 49 The lateral size ranges of the platelets are similar for FR-1, FR-2, FR-3 and FR-4, nearly 100 nm.
Thermal degradation: mass loss TG/DTG curves for pure EVA and FRs/EVA nanocomposites are shown in Fig. 4 . The data are listed in Table 3 . As can be observed, the pure EVA undergoes one-stage degradation at higher temperature with the nal residue at 800 C near to zero.
The FRs/EVA show three-stage thermal degradation processes in the temperature range of 50-800 C. The rst thermal degradation stage occurs due to the removal of interlayer water in the LDHs, as showed in eqn (1); the second thermal degradation stage occurs due to the elimination of the hydroxyl groups in the layers and interlayer carbonate ions decomposes into carbon dioxide, other different inorganic acids decompose into their corresponding compounds, as showed in eqn (2), which leads to breaking of the layered structures; 50 the third thermal degradation stage occurs due to the conversion of the 
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LDHs into a mixed metal oxide, including magnesium oxide, aluminum oxide, zinc oxide, as showed in eqn (3), which can promote the formation of a thermal charring at the surface of the composites.
The rst thermal degradation stage: transfer between the gas and condensed phases and prevent the underlying polymeric substrate from further attack by heat ux in a ame.
Flame retardancy
The ame-retardant behavior of pure EVA and FRs/EVA nanocomposites was characterized by three widely used test methods: limit oxygen index (LOI), vertical burning test (UL-94) and smoke density test. The results are presented in Table 4 . The inammability of pure EVA and FRs/EVA nanocomposites was measured. As can be seen from Table 4 that the LOI value of pure EVA is only 19%, and with the additive amount of LDHs in EVA up to 40 wt%, the LOI values of FR-1/ EVA, FR-2/EVA, FR-3/EVA and FR-4/EVA are increased to 25%, 25%, 24% and 29%, respectively. It indicates that the additive of FRs can effectively improve the ame retardant properties of EVA. It was noted that FR-4/EVA (40/60) expressed higher LOI value and lower max smoke density (MSD) value than that of FR-1/EVA, FR-2/EVA and FR-3/EVA. This result conrms the synergistic ame retardant effects between two-component 
Cone calorimeter test (CCT)
The cone calorimeter test is used to simulates the burning behavior of materials in real-world re scenarios, it showing prime signicance in the research and development of new ame-retardant materials. 51 The parameters typically available from the cone calorimeter test include the heat release rate (HRR) and its peak values (pk-HRR), the total heat release (THR), the smoke production rate (SPR) and its peak value (pk-SPR), time-to-ignition (TTI), re growth rate index (FIGRA). The re and smoke properties of pure EVA and FRs/EVA (40/60) nanocomposites were shown in Fig. 5-7 and Table 5 .
Heat release rate (HRR)
The heat release rate (HRR) is a key value due to it expresses the intensity of a re. 52 The HRR curves of pure EVA and FRs/EVA nanocomposites are shown in Fig. 5 and the corresponding data are listed in Table 5 . There is one peak in the HRR curve of pure EVA while there are three peaks in the curves of FRs/EVA, which were attributed to the decomposition of LDHs, consistent with thermal degradation stage in eqn (1)- (3) and Fig. 4 . With the addition of MgAlZn-X 1 /X 2 -LDHs, the peak HRR (pk-HRR) of FR-1/EVA, FR-2/EVA, FR-3/EVA and FR-4/EVA were decreased by 64.5%, 65.2%, 59.7%, 68.5%, respectively, which indicates the good ame retardation of FRs for EVA. That is mainly because of the physical barrier effect of LDH layers and the metal oxide produced during the combustion process, which could isolate oxygen and prevent the volatilization of combustible gas during the decomposition process. It is worthy to note that the pk-HRR value of FR-4/EVA is less than all the others at the same addition (40 wt%), which is in agreement with its LOI value and UL-94 rating. The result is due to the synergistic effect between twocomponent acidic ions SnO 3 2À and CO 3 2À (SnO 3
2À
/CO 3 2À ¼ 1 : 1), and the catalytic charring effect of tin element.
Total heat release (THR)
The slope of the total heat release (THR) curves can be considered as a representative of the ame spread. 53 Fig. 6 presents the total heat release rate (THR) curves of pure EVA and FRs/EVA nanocomposites, and the related data are listed in Table 5 .
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(SnO 3 2À /CO 3 2À ¼ 1 : 1) could promote the formation of a char layer with condensed phase effect, isolating oxygen and preventing the matrix from further combustion.
Smoke production rate (SPR)
The smoke production rate (SPR) is considered as another important parameter for the ame retarded materials. The SPR curves of pure EVA and FRs/EVA nanocomposites are illustrated in Fig. 7 , and the corresponding data are listed in A larger specic surface area of metal oxide generated from the during combustion process, which can better adsorb smoke, restrain the release of pyrolysis gases and smoke particle efficiently.
In addition, other important parameters obtained from the cone calorimeter test, such as the time-to-ignition (TTI) and re growth rate index (FIGRA) are summarized in Table 5 . The times-to-ignition (TTI) of pure EVA and FRs/EVA nanocomposites are 119 s, 135 s, 165 s, 133 s and 190 s, respectively. The delayed TTI suggests enhanced re safety. 42 The increase in the TTI of FRs/EVA was due to the early decomposition of LDH, which absorbs heat and partly decomposes into vapor and CO 2 .
The re growth rate index (FIGRA) is parameter calculated from the directly measured data of CCT, 54 which indicates the burning propensity of a material, has been calculated from the ratio of pk-HRR and time to pk-HRR for all samples. 42 Compared with the FIGRA value of pure EVA (2.011 kW m À2 s
À1
), the FIGRA values of FR-1/EVA, FR-2/EVA and FR-3/EVA were decreased by 72.9%, 73.3% and 68.5%, respectively. It is worth noting that the FIGRA value of FR-4/EVA is deceased much lower than other FRs/EVA, which reaching 75.7%. The lowest FIGRA value of FR-4/EVA means the lowest re hazard of the material.
Digital photographs of carbon residue
The digital photographs of char residues aer CCT for pure EVA and FRs/EVA nanocomposites are shown in Fig. 8 . For pure EVA, no charred residues can be observed, it is clear that the charred residues of FR-1/EVA, FR-2/EVA and FR-3/EVA nanocomposites are loose, however, the char residue of the FR-4/EVA nanocomposite is much compact and integrated, and the gray substance is mainly mixed metal oxides (MgO, Al 2 O 3 , ZnO and SnO 2 ), corresponding to the charred residue in Table 3 . The analysis of the charred residues shows that the introduction of LDHs can improve char formation during combustion. Contrast digital photographs of the char residues of the FRs/EVA, it is found that FR-4/EVA has more compact structures than those of other FRs/EVA, which presents the further evidence that synergistic effects between two-component acidic ions SnO 3 2À and CO 3 2À (SnO 3
2À
/CO 3 2À ¼ 1 : 1) signicantly could cooperate in obtaining a compact residue. It is well known that the continuous and compact residues layer can prevent the heat and mass transfer between ame zone and burning substrate, and also protect the underlying materials from further burning.
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Mechanical properties
The tensile strength and elongation at break for pure EVA and FRs/EVA nanocomposites with 40 wt% additive amount of LDHs are shown in the Table 6 . The tensile strength values of FR-1/EVA, FR-2/EVA, FR-3/EVA and FR-4/EVA are 12.0 Mpa, 8.06 Mpa, 10.11 Mpa, 13.38 Mpa, respectively. The high additive amount can lead to a rapid decrease in tensile strength compared to that loading with pure EVA, which could be the result of inbomogeneity in the dispersion of the ller, compromising the tensile strength. The lling and suspending of LDHs particles in the polymer matrix have an equivalent effect. When the concentration is high enough, the particles can form agglomerates. The agglomerates can be further closely packed and wrapped in the polymer. When the MgAlZn-X 1 /X 2 -LDHs/EVA nanocomposites were stretched, the existence of agglomerates, which act as the stress concentration point, can lead to poor mechanical properties of the nanocomposites. Contrast with FRs/EVA in Table 6 , it was found that the tensile strength value and elongation at break value of FR-4/EVA decrease slowly than that of FR-1/EVA, FR-2/EVA and FR-3/EVA. This is an indication that the synergistic effects between twocomponent acidic ions SnO 3 2À and CO 3 2À (SnO 3   2À /CO 3 2À ¼ 1 : 1) enhance the compatibility LDHs particles with the EVA matrix, acting as reinforcements. When the MgAlZn-X 1 /X 2 -LDHs/EVA nanocomposites are under tensile stress, the LDHs particles can shi together with the EVA resin. The tensile strength of the lling system can be improved due to the increasing of effective interface. The elongation at break of composites decreased greatly when different FRs were added, because of the high additive amount of FRs are unfavourable for the toughness of FRs/EVA. As the additive amount up to 40 wt% FRs are more rigid and difficult to deform, the elongation at break of FRs/EVA are mainly borne by EVA under the action of stress. The actual elongation at break of the polymer is greater than the apparent elongation at break. Therefore, the elongation at break values of FRs/EVA are lower than that of pure EVA.
Micromorphology
The morphologies and microstructures of combustionfractured cross sections and freeze-fractured cross sections of pure EVA and FRs/EVA nanocomposites are shown in Fig. 9 and 10. Fig. 9 shows the surface morphologies of the char residues of EVA and FRs/EVA nanocomposites obtained aer UL-94 vertical burning test. It can be found that the charred layers of FR-1/EVA, FR-2/EVA and FR-3/EVA were very loose and have some bigger holes, some small molecular gaseous decomposition products evolved from FR-1/EVA, FR-2/EVA, FR-3/EVA through the relatively weak layer. The presence of larger hole in the charred layers of FRs/EVA, affecting their ame retardant properties, which corresponds well with the fact that the LOI values of FR-1/EVA, FR-2/EVA, FR-3/EVA are all lower than that of FR-4/EVA, as shown in the Table 4 . From the char structure of SEM, it can explain the combustion phenomenon of the FRs/ EVA, which correlates well with mass results of thermal degradation.
A compact and intumescent charred layer can be formed on the surface of the FR-4/EVA. This charred layer provides an efficient shield and insulation, prohibiting the underlying material from contacting with heat, oxygen and re directly. FR-4 decomposition products (MgO, Al 2 O 3 , ZnO, and SnO 2 ) promote formation of compact charred layers on the surface of EVA. Contrast surface morphologies of the char residues of the FRs/EVA, it is found that FR-4/EVA has more compact structures than those from other FRs/EVA, which presents the further evidence on the mechanism that synergistic effects between two-component acidic ions Table 4 . Fig. 10 shows the SEM images of freeze-fractured cross sections of pure EVA and FRs/EVA nanocomposites sample bars. Large LDHs particles dispersed irregularly in the EVA matrix were shown in Fig. 10(b)-(d) . It is suggested that the synthesized LDHs particles have many active -OH groups in the surface structure, thus the composite particles is unstable with high surface energy. And it tends to form hydrogen bonds easily, resulting in so agglomeration. Hard agglomeration can also happen during condensation of surface hydroxyl groups or coordinated water molecules. However, a good dispersion of LDHs in the EVA matrix is necessary for better ame retardant. It is difficult to obtain good dispersion of LDHs in the EVA matrix by simple physical blending due to their poor compatibility. High loading (40 wt%) of ame retardants can destroy the continuities of polymer chains and give rise to the deterioration of mechanical property and processability (Table 6 ). From Table 6 . This is an indication that the FR-4 is stiffening the EVA matrix and acting as reinforcements.
Flame retardant mechanism
The mechanism of the synergistic ame retardant effects between two-component acidic ions intercalated layered double hydroxide (MgAlZn-X 1 /X 2 -LDHs) was analyzed as follows. The FRs act in both the gas phase and the condensed phase, their thermal decomposition follows endothermic reaction to decrease the temperature of materials. 2 and SnO 2 ), the formation of metal oxides contributes to the creation of char residues. The higher char residues resulted in quenching the ame which means less EVA matrix converted into inammable. Created a barrier effect on the surface of FRs/EVA nanocomposites served as a thermal insulating barrier, which could slow down the heat and mass transfer and prevent the underlying material from further combustion. The larger specic surface area of mixed metal oxides generated from decomposition of LDHs at high temperature, which can better adsorb the acidic smoke and inhibit its spread, especially zinc oxides. From the above analysis, compared with FR-1/EVA, FR-2/EVA, FR-3/EVA, FR-4/EVA exhibits the highest LOI values, the lowest MSD values, the least HRR values, the least THR values, the smallest SPR values, the most char residues, mainly due to the fact that, the synergistic effects between two-component acidic ions SnO -LDHs/EVA doesn't pass the UL-94 V-0 rating 39 (details are presented in Table 7 ). It can be seen by comparison that the ame retardant and smoke suppression effects of two-component acidic ions intercalated-LDH/EVA are relatively higher than those measured from singlecomponent acidic ion intercalated-LDH/EVA.
Conclusions
In this work, a series of two-component acidic ions intercalated layered double hydroxide (MgAlZn-X 1 /X 2 -LDHs) were synthesized, and were further applied as a nanoame-retardant in EVA, respectively. The structure of LDHs was conrmed by XRD, FTIR and SEM, and the microstructure of FRs/EVA of combustion-fractured cross sections and freezefractured cross sections were conrmed by SEM. Morphological study shows that, due to the microwave crystallization, the average nanoscale crystal sizes of the LDHs samples are smaller and enhances the compatibility LDHs particles with the EVA matrix, a compact and intumescent charred layer can be formed on the surface of the FR-4/EVA which can insulate the polymer substrate from the heat source. TGA results indicate that FR-4 was effective thermal stability for EVA, explaining the outstanding re performance in LOI values. The inammability of pure EVA and FRs/EVA is compared. The results indicate that FR-4 acts in the gas phase, releasing water, quenching the ame and diluting the combustible gaseous products, and acts in the condensed phase, by promoting charring and preventing heat and mass transfer. The increase in LOI values and further decreases in MSD values arise from the presence of tin element in the FR-4. The CCT results show that FR-4 can signicantly decrease the smoke production and heat release of EVA. The meanwhile, the synergistic effects between two-component acidic ions of LDHs were favored to enhance the ame retardant and smoke suppression of the FR-4/EVA. The strategy described here could provide a promising method in the development of a novel, smoke suppression and efficient two-component acidic ions intercalated layered double hydroxide ame retardant for polymer nanocomposite applications. 
